Four different methods have been applied to estimate the burden of disease due to indoor air pollution from household solid fuel use in developing countries (LDCs). The largest number of estimates involves applying exposure-response information from urban ambient air pollution studies to estimate indoor exposure concentrations of particulate air pollution. Another approach is to construct child survival curves using the results of large-scale household surveys, as has been done for India. A third approach involves cross-national analyses of child survival and household fuel use. The fourth method, referred to as thè fuel ± based' approach, which is explored in more depth here, involves applying relative risk estimates from epidemiological studies that use exposure surrogates, such as fuel type, to estimates of household solid fuel use to determine population attributable fractions by disease and age group. With this method and conservative assumptions about relative risks, 4 ± 5 percent of the global LDC totals for both deaths and DALYs (disability adjusted life years) from acute respiratory infections, chronic obstructive pulmonary disease, tuberculosis, asthma, lung cancer, ischaemic heart disease, and blindness can be attributed to solid fuel use in developing countries. Acute respiratory infections in children under five years of age are the largest single category of deaths (64%) and DALYs (81%) from indoor air pollution, apparently being responsible globally for about 1.2 million premature deaths annually in the early 1990s.
Introduction
Air pollution has been consistently linked with substantial burdens of ill-health in developed and developing countries (Schwartz 1994; WHO 1999; Bruce et al., 2000; Smith et al., 2000) . Most recently, as part of the Comparative Risk Assessment (CRA) project of the World Health Organization (WHO), Geneva, the global and regional burdens of diseases (death, illness, injury, lost life years, and years lost to disability) by age, sex, and 14 world regions were calculated for a range of risk factors, including indoor and outdoor air pollution (WHO 2002) . It is the intention here to discuss the history and briefly compare the results of earlier estimates of the health effects of indoor air pollution to the latest results in the WHO CRA.
The bulk of air pollution research has focused on urban outdoor (ambient) air pollution. With the rapid increase in vehicular and other pollution sources in urban areas of developing countries, and burgeoning numbers of epidemiological studies in developed countries showing effects at what used to be considered low levels (WHO 1999) , outdoor sources have remained the center of most air pollution research worldwide. Not surprisingly, then, the first estimate of the global burden of disease from air pollution only addressed outdoor air pollution ( (Hong, 1995) , summarized in (Murray and Lopez 1996) ). This endeavor focused on the health effects of two ambient air pollutants, total suspended particulates and sulfur dioxide, to estimate that some 500 000 deaths from pneumonia, COPD, cardiovascular diseases, and all causes combined could be attributable to outdoor air pollution each year. It estimated regional urban exposures by reference to the WHO/UNEP GEMS urban air pollution database and applied available exposure-response information to determine impacts. Because few exposure-response studies had been done in developing countries, the results of those done in China were applied to the rest of the developing world. The counterfactual levels chosen were the WHO air quality guidelines (WHO 1979) . The 2002 WHO CRA used measured and modeled urban particle pollution as its sole indicator of health risk from outdoor air pollution (Cohen et al., 2003) .
In reality, however, indoor sources of air pollution also pose substantial risks and, for some pollutants, probably dominate global human exposure. This is so even though pollutant emissions are dominated by outdoor sources. Exposures are a function of the degree of pollution in places were people spend time and, globally, people spend the majority of their time indoors. As a result, a gram of pollution released indoors is likely to cause many hundreds of times more exposure than a gram released outdoors. Similarly, even outdoors, a cookfire near the house will produce much more exposure per unit emissions than a vehicle or factory some distance away from places where the population spends most time. This concept, originally referred to as, inter alia, ™ex-posure factor∫ (Smith 1988) or ™exposure/dose effectiveness∫ (Smith 1993 ) is now termed ™intake fraction∫ (Bennett et al., 2002) .
Unfortunately, there are also important indoor emission sources throughout the world and consequent significant exposures. As with outdoor air pollution, however, the bulk of indoor air pollution (IAP) research and control has focused on sources of concern in developed countries. Table 1 provides a simple categorization of indoor sources according to pollutant category worldwide.
The important non-occupational indoor environments that might be included in a complete IAP CRA would be households, schools, and passenger compartments in vehicles. Unfortunately, however, there are too few exposure and exposure-response studies to derive reliable global risk estimates for the latter two microenvironments.
Because they contain the largest fraction of time spent by nearly all populations worldwide, household sources of pollution can dominate exposures. (We are focusing here on indoor sources, not indoor exposures. The latter is influenced by outdoor sources too, of course, since outdoor pollution penetrates indoors. Indeed, overall, the major impact of outdoor pollution is probably through the indoor exposures it causes, since such a large fraction of the population's time is spent indoors.) Indeed, based on available measurements, it seems that bulk of global IAP exposures seem to be due to just two categories: the combustion of solid fuels for cooking/heating and environmental tobacco smoke (ETS). In fact, these sources probably produce more exposure for several important pollutants than all outdoor sources. Here we focus solely on solid fuel use. In terms of available epidemiology and other risk estimates, however, it is also possible to calculate the impact of ETS and radon on disease for any population where sufficient exposure data are available. Insufficient exposure data were available at the time of the WHO CRA to do so globally, however. About half of the world continues to cook with solid fuels, such as dung, wood, agricultural residues, and coal. In simple household stoves, these fuels emit substantial amounts of a number of important pollutants, including respirable particles, carbon monoxide, toxic organic compounds such as benzene, formaldehyde, and 1,3-butadiene, and polyaromatic compounds, such as benzo(a)pyrene (Smith 1987) . In households with limited ventilation, as is common in many developing countries, exposures to householders, particularly women and young children who spend a large proportion of their time indoors, have been measured to be many times higher than WHO Guidelines and national standards (Smith 1987) .
Different approaches used to estimate environmental burden of disease Known to us are five different methods that have been applied to estimate the burden of disease from solid fuel use in developing countries, each with advantages and disadvantages. Given that their results are fairly similar, taken together they provide some credibility, although by no means ™proof,∫ for the assertion that the problem is severe. Here we briefly summarize the methods and results from application of three of these methods, as done mostly by others, and then explain the specific approach used in the recent WHO CRA in more detail. A summary of the different approaches and their sources of data is given in Table 2 .
Pollutant-based approach
This method involves the following steps: 1) Estimate total population exposures from indoor sources to the indicator pollutant. Estimates of this type have relied on particulate matter as the indicator pollutant and mean exposure concentrations in mg/ m 3 as the metric. 2) Determine best available exposure-response factors for this pollutant. 3) Find the current rates of morbidity and mortality in the population of concern. 4) Estimate the attributable number of deaths and diseases. Table 3 is a summary of the results from such efforts done globally and for the two largest nations, India and China. Shown for comparison are estimates for outdoor air pollution done using the same method. That the exposure-response relationships have been derived for outdoor air pollution in urban situations, where the chief source of particulates is fossil fuel burning, however, raises a number of questions about their suitability for application indoors mainly with rural populations relying on biomass fuels. In addition, some of the studies rely mostly on developed-country studies. These characteristics raise several important questions (many of these same problems plague attempts to calculate impacts of outdoor air pollution in developing countries from epidemiologic results in developed countries (Cohen et al. 2003) ): 1) Differences in pollutant mix due to different sources, i.e. although Florig (1997) for China in Table 3 . This method is not discussed further in this paper.
particulates can be used as indicator of hazard in both cases, biomass fuels as commonly used in LDC households produce relatively more organic compounds (e.g., benzene, formaldehyde, 1,3-butadiene, polyaromatic hydrocarbons) and fossil fuels more sulfur oxides. Thus risk (exposure-response) estimates derived in the latter situation may not apply to the former. 2) In a similar fashion, the chemical and other characteristics of the particles produced by biomass combustion are not the same as those produced by fossil fuel use, although of course woodsmoke is found seasonally in the outdoor air of many developed-country cities. 3) Differences in exposure patterns, i.e., indoor concentrations tend to vary much more during the day, because of household cooking and heating schedules, than do outdoor urban levels. 4) Different exposure levels, i.e., the average exposure levels of 17 ± 290 720 ± 1200* PM Based on evaluation of Chinese exposure-response data for COPD, lung cancer, coronary heart disease, and childhood ARI. Combination of exposure-based and pollutant-based data.
( Florig 1997)** * All these estimates use (Sinton et al., 1996) . ** Remainder-based approach COPD Chronic Obstructive Pulmonary Disease; ARI Acute Respiratory Infections LDC less-developed country; MDC more-developed country, PM particulate matter concern in households using unvented biomass fuels are 10 ± 50 times greater than the levels studied in most recent urban outdoor studies (Smith 1993) . As is common with toxicants, there may be a diminishing of the effect per unit increase in exposure (shallowing of the exposure-response curve's slope) at these high levels. 5) Different populations, i.e., the patterns of disease, competing risk factors, and age distributions differ dramatically between urban developed-country populations, the world's richest, healthiest, and oldest populations, and people exposed to indoor air pollution in developing countries who tend to be the poorest, most stressed, and youngest in the world. 6) The largest number of developed-country studies are time-series studies that determine short-term changes in mortality and other endpoints in association with short-term changes in air pollution. The implication for longterm health patterns is unclear, however (McMichael et al., 1998) . 7) The few long-term cohort studies of outdoor air pollution may be biased by slight misclassification of smokers, because smoking is such a powerful risk factor for the same health endpoints. Similar concerns exist for other potential confounders, the pattern of which is likely to be quite different between developed and developing countries. 8) Research from developed countries has not focused on some of the most relevant health outcomes for developing countries. In particular, ALRI, the chief single cause of ill-health globally and probably the major health impact of IAP exposures worldwide, is not a major cause of mortality in developed countries and thus has not been examined in many studies (Romieu et al., 2002) . 9) These more fundamental concerns are in addition to severe constraints imposed by incomplete information on the distribution of air pollution levels experienced indoors worldwide. There have been no studies of pollution levels in households based on stratified random sampling designs, for example (also a problem with available urban outdoor pollution measurements in many parts of the world). 10) Additional uncertainty is created because those relatively few particulate measurements done to date have been mostly with respect to total particulates, although most of the consistent exposure-response results have been with regard to smaller size fractions (PM 10 or PM 2.5 , i.e. particles less than 10 mm or 2.5 mm in mean aerodynamic diameter, respectively). 11) As there is no possibility of zero exposure, it is necessary to define an arbitrary ™counterfactual∫ level to which exposures can be reduced. The likely result of these problems is overestimation of impacts. As shown in Table 3 , for example, applying this method directly to India results in 2 million annual excess deaths (Saksena and Dayal 1997) , which is above the available mortality in the appropriate disease categories. To compensate for this tendency to overestimate, some of the estimates in the table arbitrarily reduced the exposure-response slope at higher concentrations, which is not a reliable or replicable approach.
Child survival approach
Here we summarize briefly the results of an analysis of National Family Health Survey (NFHS) data done under the auspices of the South Asia Office of the World Bank. The National Family Health Survey is part of a routinely collected series of the Demographic and Health Surveys (DHS) funded primarily by USAID and undertaken in about three dozen countries that focuses on fertility, family planning, mortality, and child health.
Although as yet unpublished, this analysis has undergone substantial review both inside and outside the Bank (Hughes and Dunleavy, 2000) . It determines the survival curves for Indian children 0 ± 5 years under different household conditions, with careful attention to control for potential confounders, such as house type, mother's education, parity, caste, household size, etc. Comparisons among the curves thus indicate the impact on child mortality of differences in those conditions. A total of nearly 60 000 children is included in the analysis, about 3200 of whom died before age 5. (Since the cause of death for newborns is difficult to determine and may be due to quite different risk factors, deaths before 7 days are excluded.)
Compared to households with clean fuels, children in households using dirty fuels had a substantially higher mortality rate. Indeed, the negative effect of dirty fuels in the model exceeded that of lack of private water supplies and/or private toilet facilities. The relative risks (RR) for using unclean fuels (here, clean fuels were defined as electricity, kerosene, LPG, biogas, and charcoal) were 2.0 (95% confidence level: 1.4 ± 2.8) and 1.22 (1.004 ± 1.5) for rural and urban children respectively. It is interesting to note the much smaller effect observed in urban areas. This could be partially because NFHS collected information only on the primary fuel used in households, although a significant proportion of urban households are known to use a mixture of fuels. People living in rural areas would not likely have access to as wide a range of fuel types.
Extrapolating to India as a whole using under-five child mortality calculated from the National Census, the model indicates potential mortality reductions from a switch to clean fuels as shown in Table 4 .
Calculated by us in the table are the rough associated loss of DALYs, which are equivalent to about 7 percent of the national total or 15 percent of the total lost by children under 5 years. (The DALY (disability-adjusted life year) is one type of Quality Adjusted Life Year (QALY), which is an index combining mortality and morbidity using lost healthy years as the measure. Its derivation and potential problems are discussed in (Murray and Lopez 1996) .) Note the extreme domination of total DALYs by YLLs (years of life lost) compared to YLDs (years loss to disability), a ratio of 32 : 1. This is because most childhood diseases produce relatively few days of illness compared to the years of lost life and also because young child illness days are heavily discounted by age weighting in the GBD.
The NFHS questionnaire was not specific enough to allow this model to determine the mix of causes of death, which is in any case notoriously difficult to determine by survey. An examination of this mix would perhaps serve as a test as to biological plausibility of attributing these deaths to IAP. On the other hand, even if a significant portion was not due to direct IAP impacts, such as ALRI, it could still be causal through two potentially important indirect routes: 1) pre-natal exposure to the mother leading to adverse pregnancy outcomes such as low birth weight (LBW). LBW is a risk factor for a range of childhood mortality that would not be associated directly with air pollution, including diarrhea, which is the chief cause of death in this age group after ALRI and 2) the ™unhealthy mother∫ effect, by which air pollution impacts on mothers' health impair her ability to take good care of her children's' health.
As with all observational studies, there can always be questions about whether all potential confounders have been sufficiently accounted, but this study has made prodigious attempts to do so. In addition, of course, this approach does not address the potential impacts on other population groups, particularly women.
The India totals from this method are staggering, more than 30% percent of all under five deaths or equivalent to about 90 percent of all ALRI. Even considering that some of the mortality may be expressed in indirect pathways that affect diarrhea and other major non-respiratory childhood diseases, it is difficult to accept such large attributable mortality to use of solid fuels alone.
Cross-national comparisons
Another approach is to develop a regression model of demographic and health statistics cross-nationally corrected for confounders as has been done for 122 nations by Zaidi (2000 ± rev. 2002) . The results of the model are shown in Table 5 . Note that at least in the countries where biomass use accounts for a significant fraction of energy use that about half of the under five childhood mortality difference between countries could be attributed to difference in percent of total fuel use from biomass. Additional analysis indicates that approximately 173 000 infant deaths can be associated with biomass use in India Zaidi 2000 ± rev. 2002) .
Until the full method used for this analysis is published it is difficult to interpret these results. In general, of course, such studies suffer from the lack of specificity common to all ecological studies, which examine relationships on a population basis without linking exposure and effect at the household or individual level. In addition, such broad-scale analyses must inevitably rely on parameters that are widely available and thus have a significant chance for residual confounding. In addition, the exposure measure, ™percent traditional fuel use,∫ is difficult to interpret with regard to the parameter of particular interest here because it is percent of total fuel use in the economy, not just of households.
Fuel-based approach
The following steps summarize the ™bottom-up∫ (disease by disease) approach taken here to estimate the burden of disease from indoor pollution in solidfuel-using households. In parallel to the pollutant- Table 4 . Estimated annual child mortality due to not using clean fuels in India (Hughes and Dunleavy, 2000) .
Ages
Urban Rural All India YLL* DALY** 7 days to < 1 year 10 000 385 000 395 000 13.2 million 13.6 million 1 year to < 5 years 4 000 172 000 176 000 6.2 million 6.4 million Total (7 days to < 5 years) 14 000 557 000 571 000 19.4 million 20 million
Clean fuels defined as electricity, kerosene, LPG, biogas, and charcoal. * Using Years of Life Lost Table 1 .1 in Murray and Lopez (1996) ** Using the ratio of DALY/YLL for ALRI in Indian children under five (1.03) from Tables 7c and 9c in Murray and Lopez (1996) .
based approach, the fuel-based approach utilizes relative risk estimates for health outcomes that have been associated with exposures to indoor air pollution from solid fuel use. In contrast to the pollutantbased approach, which focuses on specific indicator pollutants that occur as a result of combustion, the fuel-based approach takes advantage of the large number of available LDC epidemiological studies that have been conducted that treat exposure to indoor air pollution from solid fuel use as a binary variable, e.g., using dirty or clear fuel. A description of the methodology used in the fuel-based approach is provided below and in more detail by Smith et al. (2003) . Using data from the International Energy Agency, UN statistical office, World Bank, FAO, national censuses and specific fuel-use surveys in developing countries, the sizes of the exposed and non-exposed populations, which are defined simply as those using solid fuels and those not, are determined by region using a model incorporating energy, income, and demographic parameters to extrapolate to nations not covered. Using the results of epidemiological studies in biomass-burning households in South Asia, Latin America, subSaharan Africa, and elsewhere, and coal-burning households in China, appropriate risk factors (relative risks) for specific diseases in specific age groups are determined using formal meta-analysis techniques to combine the results from separate studies. Such studies are available in sufficient quantity and quality only for three disease endpoints (acute lower respiratory infections, chronic obstructive pulmonary disease, and lung cancer from coal) in two age/sex groups: adult women and children under 5, who have the highest exposures to stove emissions. Using the regional population and burden of disease (death and disability) database from the GBD, the current patterns of these diseases in these population groups are determined. Using the standard procedure for determining the population attributable fraction, the total disease burden attributable to use of household fuels is determined by region. Using the known mortality-morbidity relationships for specific diseases for each age group in each region, an estimate of the total lost life years and total sick days attributable to indoor air pollution is estimated. By combining the variance in the fuel-use model and the 95% confidence interval from the meta-analyses, objective uncertainty bounds are calculated. This approach, although not without weaknesses, substantially reduces all the problems noted above for the pollutant-based approach (numbered as before): 1 ± 4) Being based solely on studies done in biomass-using households, the differences in pollutant mix, particle composition, exposure patterns, and exposure levels should be substantially reduced if not eliminated. 5) The studies were all done in poor, mostly rural, developing-country populations presumably much more similar to the exposed LDC populations than urban developed-country populations. 6) The studies address directly the specific health endpoints over time periods appropriate to the each and thus do not reflect the possible ™harvesting∫ that may be seen in time-series studies. 7) Confining the assessment to women, who have Table 5 . Association of demographic indicators and biomass use very low smoking rates in most rural LDC areas, and children under 5, greatly reduces possible confounding by smoking. 8) The diseases studied are the most important ones in developing countries. 9, 10) The epidemiological studies used rely on binary exposure variables, i.e., exposed or less-exposed, it is not necessary to extrapolate quantitative pollution exposures from incomplete data or to estimate the relative contribution of different particle size fractions. 11) Since the epidemiological studies compare actual exposed versus less-exposed populations (with different stoves or fuels), there is no need to define an arbitrary counterfactual value.
As there is a spectrum of quality and quantity of evidence for different disease endpoints, the method categorizes the available evidence into strong, moderate, and inconclusive. Only diseases with strong evidence (ALRI in children under 5; COPD and lung cancer from coal smoke) are included in the final results of the CRA . Although there is also evidence for TB, cataracts, asthma, and adverse pregnancy outcomes, because the evidence is not yet as convincing, these endpoints are not included. The method is explained in more detail by Smith et al. (2000 Smith et al. ( , 2003 . It has remaining weaknesses, however. Some of these would tend to bias the estimates upwards, for example residual confounding, although others would tend to lead to underestimates, such as exposure misclassification. In general, of course, since the method only addresses effects in children under 5 years and adult women, it tends to be an underestimate of the population total. Since these two groups experience the greatest exposures, it does not seem the resulting underestimate is likely to be large. Perhaps the most important possibility for underestimation stems from the method's current inability to address the effects of in utero exposure on birth outcomes, such as low birth weight, that might affect overall child (and adult) disease burdens. This inability is due to a lack of available studies on these endpoints. In addition, there seem to be no indoor studies in developing countries examining cardiovascular disease, which is known to be one of the major outcomes from outdoor air pollution.
To put the results of the WHO CRA for indoor air pollution using the fuel-based method into perspective, the global burden of disease for the top 10 risk factors plus selected other environmental risks are compared in Figure 1 . Indoor air pollution ranks 
10
th in burden (DALYs) and 11 th in premature deaths. It is the second most important environmental risk factor examined (after poor water/ sanitation/hygiene), with about twice the deaths and five times the DALYs of urban outdoor air pollution. We have added two other major risk factors not found in (WHO 2002) ± road traffic accidents and the child cluster of vaccine-treatable diseases (measles, tetanus, polio, pertussis, and diphtheria) ± to provide a more complete list of the risk factors amenable to public action. Data for these latter two risk factors are taken from (WHO 2001) . If these two were left out, indoor air pollution would rank 8 th globally.
Conclusion
Figure 2 summarizes the approaches used for the three most viable methods discussed above and Table 6 shows their results for India, which is the only country in which all three were examined. Also shown for comparison are the results for China and the World from the fuel-based method so as to compare with previous estimates in Table 3 .
As utilized, most methods except for the fuelbased approach are likely to result in an overestimate of disease burden. In the pollutant-based approach, exposure response relationships from ambient air pollution studies in developed countries with different epidemiological profiles have been linearly extrapolated to concentrations that are often orders of magnitude higher. The child-survival approach used a remarkably high baseline estimate of mortality (over 5% mortality in children under five). In addition, the child survival approach, as well as the cross-national approach, both estimate disease burdens based on all cause mortality. As noted before, this results in higher values, because it picks up indirect effects. In addition, it is extremely difficult to separate out the effects of other socioeconomic risk factors, such as access to water and sanitation, as well as poverty as a risk factor in and of itself.
The results of the fuel-based approach, i.e. the estimates in the WHO CRA for the world, India, and China, are less, sometimes much less, than those derived in pollutant-based approaches summarized in Table 3 . As noted in the text, the CRA approach would seem to avoid many problems inherent in the pollutant-based methods applied to date. At the same time, the inability to address potentially important health outcomes, including adverse pregnancy outcomes and cardiovascular disease, is likely to result in a substantial underestimate of disease burden. Note that China and India have quite different mixtures of adult deaths, which are mostly from COPD, and children, which are from ALRI. This is at least partly due to better access to health care in China such that ALRI kills many fewer children. In contrast to India, however, China has a much higher COPD rate in non-smokers. This may have to do with the differential impacts in China of coal smoke, which is much less prevalent in India.
The different exposure methods employed, and the different health outcomes addressed make a direct comparison of the approaches difficult. Agreement between the results would not necessarily guarantee the accuracy of the estimates, but does lend some credibility that the burden is significant. With the most conservative estimate suggesting that around 1.6 million deaths can be associated with indoor air pollution each year, solid fuel use clearly remains one of the major risk factors facing humanity today.
